Featured Application: In this study, the researchers explore the technology development trends in 5G optical networks, and the results may serve as a reference for the government in observing emerging technologies.
Introduction
Internet backend users' demand for high bandwidth services, such as high quality images, high-speed and high-capacity data transmission, mobile broadband, big data, the Internet of Things (IoT), and cloud services, has been increasing rapidly. Transmission mediums based on coaxial cables and twisted pairs, including power-line communication, asymmetric digital subscriber line, and very-high-bitrate digital subscriber line, are no longer sufficient for supporting the high bandwidth services demanded by users. Because coaxial cables have a limited data-carrying capacity, with a maximum downstream capacity of only 200 Mbit/s, they cannot satisfy users' demand for bandwidth capacity. This renders optical networks crucial, and indeed, such networks have been receiving considerable academic attention from scholars [1] [2] [3] .
Regarding the development of 5G and optical networks, 5G is a next-generation product in the domain of personal mobile communication; it will ultimately replace the 4G system currently in use. The key characteristics of 5G are a higher capacity and lower latency, which could support a higher density of mobile users as well as provide a comprehensive infrastructure for IoT and machine-to-machine (M2M) communication. According to a study conducted by Research and Markets, 5G will create considerable new opportunities for the optical networking industry through the 5G infrastructure-both backhaul and fronthaul [4] . In response to the transmission requirements for 5G (i.e., low latency, high transmission volume, and the transmission of big data), network infrastructures must be enhanced through upgrading optical networks. Accordingly, the United Kingdom published the Future Telecoms Infrastructure Review, in which it stated that the country aims to connect 15 million premises to full fiber broadband by 2025 and ultimately achieve the target of nationwide fiber broadband coverage [5] . The development of 5G requires more optical resources. For example, the radio access network (RAN) architecture for mobile 5G and beyond is undergoing a fundamental evolution, bringing optics into the world of radio [6] . Using optical networks could increase transmission distances and data bandwidths, while simultaneously reducing energy consumption. Optical fiber is a pathway that is thinner than human hair and can be used to transmit light. By contrast, metal wires are more maintenance-intensive and prone to signal degradation and electromagnetic interference. The use of optical fiber substantially increases the data transmission capacity. An optical fiber can achieve a bandwidth that requires several thousand copper wires, which is why most submarine and transcontinental communication cables are made of optical fiber. Therefore, optical fiber remains one of the most favorable options for data transmission. The high bandwidth and transmission volume of high-speed optical networks fulfill the requirements of device-to-device (D2D) transmission. Additionally, it could minimize paralysis and disconnections on 5G networks, enable the serial connection of more devices, and enable direct communication between devices-beyond interactions between people and devices.
To date, studies have held preliminary discussions on the topic of 5G optical networks [4, [6] [7] [8] [9] ; however, such studies have mostly focused on discussions on the technical [6] [7] [8] or the market aspects [4, 9] . Furthermore, their findings have not indicated the key development domains for 5G optical networks. The development of 5G could create considerable business opportunities [10] , and optical networks are an indispensable type of infrastructure for the development of 5G; therefore, the incorporation of wireless and optical communication into access networks is an inevitable future development trend. Additionally, patents are the manifestation of industrialized technologies; they are beneficial for businesses to achieve monopoly in the technology market, and could serve as indicators for technology development trends [11] [12] [13] . Therefore, in the current study, the researchers identified key technologies and development trends in 5G optical networks by analyzing the patent data and using a network analysis method.
Overall, the current study differs from most relevant studies, which focused on discussions at the technical or market level. The current study examines the technology deployment and landscape of 5G optical networks from a macro perspective. Furthermore, the researchers focus on constructing a technology network model and identifying technology development trends. They hope that this study's results can serve as a reference for the government, academia, and industry.
Literature Review

Development of 5G Optical Networks
The age of 5G is also the age of the Internet of Everything. The successful realization of concepts such as the IoT and artificial intelligence is dependent on the establishment of a comprehensive 5G network system. Currently, much of the traditional public network is already "fiberized" [9] . In other words, the development of 5G will deeply affect and change the development patterns and pace of the optical communication industry. To adapt to new technical and application requirements generated by 5G, the technology and standards of the new generation of information communication technology (e.g., optical transport and optical access networks), the establishment and deployment of such networks, as well as the use of new optical devices and modules, will be essential.
Additionally, because of characteristics inherent to the age of 5G (e.g., the mobility of users' devices, real-time data transmission, and bandwidth requirements of big data), network control methods in the age of 5G require a higher level of ultrareliable and low-latency communications compared with conventional network control methods. This places an incredibly high demand on the transmission and processing of wireless communication in 5G fronthaul networks. The adaptation, transmission, and exchange of wireless communication in optical networks must be completed in an extremely short time, which constitutes a great challenge faced by 5G fronthaul optical networks [6] . Therefore, some optical communication discussions have been initiated to solve the bandwidth and latency problems faced by future 5G networks. Solutions that have been proposed include a dense wavelength-division-multiplexed passive optical network [14] , orthogonal frequency division multiplexing [15, 16] , and space division multiplexing [17] . Future 5G optical network operators should work toward establishing the large bandwidth and low latency required for the efficient transmission of user data. Furthermore, a key goal of a 5G optical network is to achieve the efficient transmission of big data through the use of the multidimensional (i.e., time, wavelength, and space dimensions) multiplexing technology of optical networks.
Today, technical investments in 5G optical networks are constantly growing. In Europe alone, 5G will generate US$363-606 billion in growth for network equipment manufacturers, and comparable investment can be expected in North America and Asia. Creating optical backhaul and fronthaul networks for 5G may represent the largest opportunity for optical equipment and cable manufacturers [9] . Given the considerable potential business opportunities 5G and IoT technologies could engender, governments worldwide are actively facilitating technology development and establishing related infrastructure [18] . The topic of incorporating optical network technologies into the development and application of 5G has sparked the attention of both academia and industry [6] [7] [8] [9] . For example, an Institute of Electrical and Electronics Engineers (IEEE) working group on Time-Sensitive Networking (TSN) included the application of optical networks in its research agenda [19] . Given the development potential of 5G optical networks, an in-depth observation of technologies in this domain is imperative. Because 5G optical networks exhibit diverse future applications, and patents are the concrete outputs of industrialized technologies, the researchers conducted a patent analysis, with a focus on 5G optical networks, to identify the key technologies and development trends of 5G optical networks, and employed the network analysis method to explore identified key technologies. This network analysis method is explained further in the following subsection.
Technology Network Analysis
In recent years, studies have used a network analysis method to explore the flow or development pathways of knowledge [20] [21] [22] and identified the evolution patterns and possible development directions of technical knowledge [23, 24] . Additionally, some studies have conducted a patent analysis to examine the status or performance of technical collaborations [25] [26] [27] . A network analysis can accurately display the communication paths of information, as well as the scope of knowledge domains. Specifically, analyzing patent data can provide objective and feasible information, and the data include the number of patents, year of approval, and technology category [28] . Therefore, a patent analysis is a useful approach to analyzing the development of a specific technology. Patents are sources of technical knowledge, and a network analysis could reveal the interdependence and embeddedness of various technologies. In short, network analysis is a useful tool for observing research and development activities [29] [30] [31] . Thus, in the current study, the researchers used a network analysis method to examine the connectivity and cooccurrence of technology nodes to identify the key players of 5G optical networks, as well as to observe and gain an enhanced understanding of the key domains and technology development trends of 5G optical networks.
Research Design
Search Strategies and Data Sources
For the patent analysis, the researchers sourced data from the database of the United States Patent and Trademark Office (USPTO). The main reason for this selection was the fact that it is a rich database with the earliest data traced back to 1975. Additionally, because the US is the world's largest commercial trading market, most inventors apply for patents for their products in the US while simultaneously doing so in other countries. Therefore, when researchers measure innovative activities and innovative performance at the global level, they typically use data from the USPTO database [21, 32] . For the present study, the patent data consisted of US patents approved between 1 January 2014 and 30 June 2019. Additionally, the researchers used a more precise search method-Derwent Smart Search-to conduct the patent search. Smart Search is a search tool developed by hundreds of experts, who first completed the reading of official patent disclosures in the database. Subsequently, procedures such as translation, abstract rewriting, content debugging, and patentee information normalization were performed. Lastly, the modified and normalized data were stored in the database. In short, Smart Search is a keyword search tool established through reading and organization by people. The search criteria of the current study were as follows: (SSTO/5th-Generation) and (SSTO/optical network); a total of 124 patents were retrieved. In terms of technology classification, the Cooperative Patent Classification (CPC) system has been implemented since early 2013. Therefore, the researchers adopted the CPC system as their analytical framework. Considering that a patent may involve multiple CPC technologies and that individual patents may overlap in certain CPC technology fields, the more frequently a set of different CPC technologies is applied in a same patent, the higher the level of technological interrelatedness between them. Therefore, as when determining the relationships between members of a social network, the relationship between CPC technologies (nodes) and their application frequency (sides) in a same patent can be used for the construction of a technology network. A node, or player, situated at the center of a technology network is a key player, or key technology [33] .
Centrality Analysis for the Technology Network
The key players of a network can be identified using the network-centric analytic approach [30] ; the players located at the center of the network have a higher level of influence compared with the other players in the network [31] . Several studies have conducted a centrality analysis to either determine the knowledge map and hotspots of a specific domain [34, 35] or identify the broker and gatekeeper in a technical collaboration network [36, 37] . In view of the effectiveness of centrality analysis in determining whether a player is key, most studies have adopted a network-centric analytic approach for the identification of key players [38] , considering that players at the center of a network have a greater influence on other players [39] . Table 1 lists the formulas for calculating the centrality of each technology domain.
First, closeness centrality refers to the reciprocal of sum of the length of the shortest paths between a certain node and others; the closer a node is to others, the more accessible or approachable it is. Next, betweenness centrality is the extent to which a node serves as an intermediary (or mediator) node which certain nodes depend on to connect with other nodes in a network; it measures the importance of a node in information transmission. Lastly, fragmentation centrality measures the proportion of nodes that cannot connect with each other after a certain node is removed. A small value indicates that the network remains stable after the node is removed, implying that the node has a low level of importance in the network. With reference to Borgatti [31] , the researchers used distance-weighted fragmentation to measure fragmentation centrality. 
Indicator Formula
Closeness centrality
d(i, j) represents the distance from node i to node j.
Betweenness centrality C b (i) = n i j k d jk (i)/d jk d jk represents the number of shortest paths from node j to node k; d jk (i) represents the number of shortest paths that must pass through node i to get from node j to node k.
Fragmentation centrality
n(n−1) d(i, j) represents the distance from node i to node j. n represents the total number of nodes.
Empirical Study
Overview of 5G Optical Networks
Before the researchers performed the technology network analysis, they first analyzed the patent search results to obtain a preliminary understanding of the status of technology development. A complete CPC code consists of five levels, namely the Section, Class, Subclass, Main group, and Subgroup (e.g., H04Q 11/00). Table 2 lists the top 10 level-4 CPC codes of 5G optical networks with regards to their frequency of appearance. In terms of CPC distribution, the results encompassed a total of 104 CPC technologies. Table 2 indicates that the focus of 5G optical network technologies is mostly on H04B10, H04W88, H04B7, H04L5, and H04J14; Appendix A displays the definition of each CPC code. According to the CPC definition, H04B10 belongs to transmission systems employing electromagnetic waves other than radio waves, such as infrared, visible, or ultraviolet light, or those employing corpuscular radiation, such as quantum communication; H04W88 belongs to devices specially adapted for wireless communication networks, such as terminals, base stations, or access point devices; H04B7 belongs to radio transmission systems, such as those using radiation fields; H04L5 belongs to arrangements affording multiple uses of the transmission path, as well as the presentation of data, record carriers, and handling record carrier; and lastly, H04J14 belongs to optical multiplex systems.
The analysis results indicated that the focuses of 5G optical networks lie in the following domains: radio transmission systems employing electromagnetic waves other than radio waves; wireless communication network facilities; the transmission of digital information; and optical multiplex systems. Additionally, the researchers conducted analysis of the top 10 patentees ( Table 3 ). The results revealed the patentee with the highest number of approved patents in recent years to be Huawei Technologies Co., Ltd., followed by Smart Mobile, Inc., and Telefonaktiebolaget LM Ericsson (publ). Among the top patentees, Telefonaktiebolaget LM Ericsson (publ) has been actively promoting the development of 5G. The company published a report titled 5G Business Potential to uncover the unexplored potential business opportunities for telecommunication operators under the current trend of industry digitization, prompting these operators to deliberate over their company values and business model as a network developer, service facilitator, and service creator to gain a head start in the industry. 
Key Technology Network Analysis
For identifying key technologies, the researchers used patent data from the CPC system for analysis. The centrality of a node was determined by its closeness centrality, betweenness centrality, and fragmentation centrality. All three are effective indicators of centrality. Borgatti [31] used the concepts of key player problem-positive and key player problem-negative to define key players in a network. Key player problem-positive refers to a certain node's connectivity to other nodes compared with that of its peers. It is primarily determined by the node's closeness centrality. Key player problem-negative designates a certain node's role in maintaining network stability, that is, the likelihood of network fragmentation once that node is removed. Key player problem-negative is primarily determined by betweenness centrality and fragmentation centrality. The network model of the key technologies is presented in Figure 1 , and the key CPCs are presented in Table 4 . Table 4 shows that H04W88, H04W72, H04Q11, and H04L5 are the top five technology domains in 5G, as indicated by their closeness, betweenness, and fragmentation centrality. These results suggest that the key technologies for 5G optical networks mostly lie in the domains of wireless communication network facilities and local resource management (H04W88 and H04W72), selecting arrangements for multiplex systems (H04Q11), and arrangements affording multiple uses of the transmission path (H04L5). Accordingly, the most critical 5G optical network technologies are those related to wireless communication network facilities and multiplex communication systems. In particular, the advancement of optical component technology (e.g., semiconductor lasers, optical amplifiers, and optical filters) paved the way for the flourishing of multiplex communication system technology, which enabled the provision of diversified and high-capacity Table 4 shows that H04W88, H04W72, H04Q11, and H04L5 are the top five technology domains in 5G, as indicated by their closeness, betweenness, and fragmentation centrality. These results suggest that the key technologies for 5G optical networks mostly lie in the domains of wireless communication network facilities and local resource management (H04W88 and H04W72), selecting arrangements for multiplex systems (H04Q11), and arrangements affording multiple uses of the transmission path (H04L5). Accordingly, the most critical 5G optical network technologies are those related to wireless communication network facilities and multiplex communication systems. In particular, the advancement of optical component technology (e.g., semiconductor lasers, optical amplifiers, and optical filters) paved the way for the flourishing of multiplex communication system technology, which enabled the provision of diversified and high-capacity broadband services. The development of these relevant technologies should dominate the development trends of 5G optical networks in the future.
Technical and Development Trends of 5G Optical Networks
To present the technical development trajectory of 5G optical networks, the researchers examined the changes in the focus of research and development over the years by using the technology networks of different stages. Using 2016 as a cutoff point, they segmented the time period into an early and a later stage. The development trends of each technology were illustrated using the increase or decrease in centrality of its CPC codes. Table 5 displays the results: H04W88, H04B10, H04Q11, H04L5, H04W72
H04Q11 H04W84
Note: 49 patents with 80 CPC codes were observed in the early stage (2014-2016). Table 5 indicates that among the patents approved prior to 2008, H04W12 (security arrangements), H04W84 (network topologies), as well as H04W40 and H04W72 (communication routing and allocation of wireless resources) surpassed the other technology domains in terms of their closeness, betweenness, and fragmentation centrality; this differs from the technological focuses of the later stage, which consisted of H04B10 (transmission systems employing electromagnetic waves other than radio waves), as well as H04L5 and H04Q11 (multiplex communication systems). Both H04L5 and H04Q11 technology nodes have been recognized as having high betweenness centrality and fragmentation centrality in terms of key player problem-negative. This indicates that they both play a bridging and critical role in connecting technology clusters within 5G optical networks.
Conclusions
Discussion
In the current study, the researchers used a network analysis method to explore the key technologies of 5G optical networks. The empirical results revealed that the focuses of such technologies are mostly on wireless communication network facilities and multiplex communication systems. The maturation of optical component technology paved the way for multiplex communication system technology to flourish, and made it one of the key technologies in the development of 5G. Additionally, an analysis of the top patentees revealed that information technology companies such as Huawei Technologies Co., Ltd. and Telefonaktiebolaget LM Ericsson (publ) hold a relatively high number of patents; this indicates that information technology companies in the private sector are the main force in developing 5G optical network technologies compared with universities and the public sector, which implies the potential of 5G optical networks in future market development. As stated in the 5G Business Potential report, 5G has the potential to generate high revenue for agencies worldwide [40] . Furthermore, driven by the market, 5G optical communication has become the technical focus of the private sector.
In terms of technical trends over the years, the researchers found that key technologies in 5G optical networks have shifted from network topologies and security arrangements to transmission systems employing electromagnetic waves other than radio waves, as well as multiplex communication systems. In particular, multiplex communication systems have become one of the pillar technologies in the development of 5G optical networks. In this age of 5G, the volume of digital data being transmitted has increased exponentially. The purpose of multiplex systems is to make 5G available to all people without them interfering with each other. In short, multiplex systems could increase data rate and fulfill the needs of each user or object. For example, the key technology of dense wavelength-division-multiplexed passive optical network (DWDM-PON) is the provision of different wavelengths to the optical network units connecting to a central office, which facilitates the simultaneous transmission of multiple users. It also reduces the number of optical fibers that have to be deployed by enabling the sharing of existing optical network infrastructures. As a result, considerable network construction and maintenance costs are saved. The innovative integration of DWDM-PON and millimeter-wave wireless transmission will become mainstream in the foreseeable future, given that they enhance user data rate, end-to-end connectivity, connection density, and traffic volume density at a reduced cost. Such a development trend is similar to the predictions made by other scholars [14, 41] . In conclusion, the results of the current study correspond with the development trends of this emerging domain.
Relevant studies on 5G optical networks have predominantly focused on discussions on the technical [6] [7] [8] or market aspects [4, 9] ; however, their findings have not provided a detailed understanding of the key technologies and technical development trends in 5G optical networks. In particular, the indispensability of optical networks to the development of 5G renders observations on the distribution of optical network technologies crucial. Presenting the whole picture of 5G optical network technologies, the current study filled this research gap by revealing the key technologies and development trends in 5G optical networks using a technology network analysis.
In terms of policy suggestions, the technology map of 5G optical networks could provide valuable insights for the government. This technology network of 5G optical networks revealed the technical development focuses, which provided the government with relevant information, particularly that related to the shifts in key technology domains in recent years. The findings of the current study indicate that multiplex communication systems have become the key technology. With the ever-increasing demand for communications between people and objects as well as between objects, multiplex communication systems will play an increasingly crucial role in coming years. Therefore, the government should engage domestic hardware and software service providers in developing comprehensive solutions in response to the development trends of the optical communication industry to develop technologies that match market demands.
Limitations and Future Research Directions
First, the current study only used patent data as the basis for analyzing technology development trends. However, the output of the development of 5G optical networks is not limited to registered patent data; its output is also presented in other forms, such as journal articles, conference papers, exchanges between talents, and trade fairs. This study did not include other forms of outputs, which is a major limitation of this research. Second, the researchers used the patent keywords compiled in the Derwent database as the basis for filtering patent data. Despite the Derwent database having been established through a complete reading of official patent disclosures by hundreds of experts and compiled through human reading, the domain of 5G optical networks changes rapidly with each passing day. Certain patents from rapidly developing technology domains may contain technologies that belong to the scope of 5G optical networks; however, such data were not included in the current study's analysis. Thus, future researchers are advised to expand their analysis scope by incorporating expert interviews and other research designs that could aid the incorporation of more relevant patent data. Third, this study relied solely on the USPTO database, the world's largest database for commercial transactions, for its patent information. Therefore, although this database is highly representative and has a long history of use [21, 32] , researchers of future studies are advised to expand their sources of data by including other patent agencies, if time and budget allow it. The Worldwide Patent Statistical Database (PATSTAT) managed by the European Patent Office, for example, can be a suitable addition to increase the width of research scope. Fourth, future research may include the high-impact peer-reviewed journal sources within a reasonable technology readiness level period of the reported patents to increase research contributions. Finally, because of time constraints and macro-level examination of the technology network of 5G optical networks, the researchers only used the number of patents as the basis for their empirical examination and failed to further analyze the content of each individual patent. Therefore, to obtain a more accurate observation of technology trends in line with market needs, future studies should analyze the content of individual patents. 
